Since the 1950s, electron microscopic observations have suggested the existence of special regions where the distinct organelle membranes are closely apposed to each other, yet their molecular basis and functions have not been examined for a long time. Recent studies using yeast as a model organism identified multiple organelle-membrane tethering sites/factors, such as ERMES (ERmitochondria encounter structure), NVJ (Nuclearvacuole junction), vCLAMP (Vacuole and mitochondria patch) and MICOS (Mitochondrial contact site). Among them, ERMES is the best-characterized contact-site protein complex, which was found to function as not only an organelle-tethering factor but also a phospholipid transfer protein complex. In this review, we will discuss recent advances in the characterization of ERMES and other organelle contact zones, vCLAMP, NVJ and MICOS in yeast.
The region of the endoplasmic reticulum (ER) in close proximity to mitochondria called MAM (mitochondria-associated membrane) has been attracting much attention as a functionally as well as structurally specialized zone, where a wide variety of biological reactions such as lipid synthesis and transport, calcium signalling, apoptosis regulation, mitochondrial DNA synthesis, mitochondrial division, autophagosome formation occur (13) . Although the identity of mammalian MAM is still controversial, the ERmitochondria encounter structure (ERMES) complex was identified in yeast as an entity responsible for the formation of the ERmitochondria contact sites. A number of studies suggested that abnormality of the MAM functions are associated with neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease and ALS (amyotrophic lateral sclerosis), highlighting the importance of the ERMES complex and its possible mammalian counterparts in normal cell functions (4) . In this article, we will first introduce the story of how the phospholipid transfer function of ERMES was uncovered. Then, we will summarize phospholipid transfer functions of other membrane contact sites such as Vacuole and mitochondria patch (vCLAMP), Nuclearvacuole junction (NVJ) and Mitochondrial contact site (MICOS). Finally, we will refer to dynamic natures of these organelle contact sites.
Identification of the ERMES complex in yeast
The ERMES complex consists of four core subunits Mmm1, Mdm10, Mdm12, Mdm34 (Mmm2) and peripheral subunits, Gem1, Lam6 and Tom7 (Fig. 1) . The four core subunits were originally identified as mitochondrial outer membrane (MOM) proteins involved in the maintenance of mitochondrial morphology. Normally, mitochondria show a tubular shape, but they change in shape dramatically from the tubular to ball-like or grape-like shape when one of the ERMES core subunits is missing (58) . Subsequent studies further reported that these ERMES subunits are involved in the maintenance of mitochondrial DNA as well as the transport and assembly of bbarrel proteins present in the MOM (6, 911) . These findings indicate that loss of ERMES functions affect diverse events, rendering it difficult to judge which the genuine function of the ERMES proteins is. However in 2009, Kornmann et al. (12) revealed, by a synthetic biology screening approach using yeast, that the ERMES complex is an entity that directly tethers the MOM and the ER membrane. In particular, they isolated a yeast mutant whose growth depended on expression of an artificial protein (named ChiMERA) that forcibly tethered the MOM and the ER membrane, and identified MDM12 as a mutated gene in the mutant cells. This result clearly indicated that the functions of Mdm12 and ChiMERA were overlapping with each other. In addition, Kornmann et al. (12) found that Mmm1, which had been misannotated as a MOM protein, was glycosylated, indicating that Mmm1 was an ER protein. Therefore, ER-resident Mmm1 and MOM-resident Mdm10 and Mdm34 directly interact with each other with Mdm12 to form a tethering complex between mitochondria and the ER.
vCLAMP identified as a mitochondriavacuole tethering factor that is functionally related to ERMES Kornman et al. (12) showed the possibility that the ERMES complex was involved in phospholipid transport between the ER and mitochondria since pulsechase analyses of phospholipid biosynthesis showed that phospholipid conversions that would depend on phospholipid transport between mitochondria and the ER were delayed in the absence of the ERMES subunit. However, it was difficult to judge whether loss of ERMES affected phospholipid transport directly or indirectly because ERMES subunit deficiency would cause strong defects in diverse events as described above. In addition, there were several reports that contradicted the role of ERMES in phospholipid transport (13, 14) . The function of ERMES in phospholipid transport thus remained controversial.
What was the cause of the divergent phenotypes of ERMES-deficient cells seen in different studies? This could reflect the possible operation of an alternative or redundant pathway(s) of phospholipid transport. Recently, vCLAMP was identified as a contact site between mitochondria and the vacuole, which could be responsible for a possible overlapping function with ERMES (15, 16) (Fig. 1) . Supporting this possibility, overexpression of Vps39, a component of vCLAMP, partially restored the growth defects of ERMES-deficient cells (16) . The number of the ERmitochondria contact sites visualized by fluorescence-labelled ERMES complexes per a cell was also reported to increase upon loss of Vps39 (15) , and the loss of ERMES, in turn, caused expansion of the mitochondriavacuole contact areas (15) . These findings strongly suggested that ERMES and vCLAMP are functionally related to each other and might have an overlapping function. A recent study further revealed that Vps39 interacts with Tom40, which functions as a protein import channel for almost all mitochondrial proteins in the MOM, to directly bridge the MOM and vacuole (17) . Furthermore, dominant suppressor mutations that restored the strong growth defects of ERMES-deficient cells were mapped on the gene for Vps13 (18, 19) . A subsequent study showed that Vps13 directly interacted with Mcp1, a MOM protein previously identified as a multicopy suppressor for ERMES-deficient cells at mitochondriavacuole interfaces (2022) (Fig. 1) . Recently, mammalian counterparts of Vps13, VPS13A and VPS13C were found to serve as lipid transfer proteins at contact sites between the ER and mitochondria, late endosome/lysosomes and lipid droplets (23) . Interestingly, the Mcp1-Vps13 mediated mitochondriavacuole contact sites seem to function separately from the one mediated by Tom40-Vps39-Ypt7 because (i) Mcp1 overexpression could suppress temperature-sensitive growth defects of mmm1-1 cells even when Vps39 mutants with impaired vCLAMP formation were expressed in place of wildtype Vps39, and (ii) Vps13 was localized at the mitochondriavacuole contact sites that were distinct from the vCLAMP regions as visualized with Vps39-GFP (17) . Those distinct mitochondriavacuole contact sites could compensate the loss of ERMES functions, which would naturally hamper the analyses of the genuine function of ERMES in vivo.
In vitro phospholipid transport assay
To evaluate the function of ERMES in phospholipid transport between mitochondria and the ER with minimal secondary effects, we decided to develop an in vitro assay using membrane fractions containing mitochondria and the ER isolated from yeast cells (24) . In this assay, the isolated membrane fraction is first incubated with 14 C-serine to produce radioisotope (RI)-labelled phosphatidylserine (PS) in the ER membrane. The RI-labelled PS is then converted to phosphatidylethanolamine (PE), and subsequently to phosphatidylcholine (PC), depending on its transport between the ER and mitochondria (Fig. 2) . In particular, the MIM-resident PS decarboxylase, Psd1, converts PS, which is transported from the ER, to PE (25) . Then, PE moves back to the ER and is methylated by Cho2 and Opi3 to generate PC. Therefore, phospholipid transport between mitochondrial and ER membranes can be evaluated by detecting the PS to PE (ER ! mitochondria) and PE to PC conversions (mitochondria ! ER) (Fig. 2) . In order to investigate whether ERMES plays a role in such phospholipid transport, we carried out this in vitro assay using a membrane fraction lacking the ERMES subunit such as Mmm1 or Mdm12. To exclude potential secondary effects of strong growth defects due to the lack of Mmm1 or Mdm12, we also expressed the 'dominantpositive' Vps13 mutant to enhance the possible lipid transport pathway via the mitochondriavacuole contact sites, which indeed complemented the loss of ERMES in vivo. Strikingly, we found that PS to PE conversion was significantly slowed down when Mmm1 and/or Mdm12 were missing (24) . This result strongly suggests that ERMES mediates PS transport from the ER to mitochondria.
Recently, it was reported that Psd1 is present not only in the MIM but also in the ER membrane, and ER-resident Psd1 contributes to PS to PE conversion especially under fermentable and PE starvation conditions (26) (Fig. 5 ). This finding could challenge the validation of using PS to PE conversion as an index for phospholipid transport rates between the ER and mitochondria (24) . However, our own immunoblotting analysis failed to detect ER-resident (glycosylated) Psd1 in the heavy membrane fractions that were prepared for in vitro phospholipid transport assay (unpublished data). This suggests that population of Psd1 in the ER could be negligible in the in vitro assay to estimate phospholipid transport rates, as far as the level of ER-resident Psd1 in the heavy membrane fraction is carefully checked.
ERMES is an ERmitochondria tethering factor that directly mediates phospholipid transfer Although the results described above clearly showed that ERMES is involved in the ER-to-mitochondrial phospholipid transport, there are still two possibilities; (i) ERMES is a lipid transfer machinery that directly mediates phospholipid transfer; (ii) The primary function of ERMES is bringing the ER membrane to a close proximity of the MOM to promote spontaneous phospholipid transfer, which could take place between the closely apposed lipid bilayers. In relation to this, the fact that Mmm1, Mdm12 and Mdm34 of ERMES have a SMP (synaptotagmin-like mitochondrial-lipidbinding protein) domain (27, 28) , which can bind to hydrophobic molecules including phospholipids, could suggest their roles in a possible lipid transfer function of ERMES.
To assess the primary function of ERMES, we determined the crystal structure of Mdm12, a peripheral membrane protein constituting ERMES. Mdm12 had a hydrophobic pocket that could accommodate a phospholipid (29) , as expected from the presence of the SMP domain. ERMES thus functions at least as a lipid-binding protein complex. Furthermore, we investigated whether purified ERMES proteins were capable of transferring phospholipids between lipid liposomes. Interestingly, we found that the Mmm1-Mdm12 complex could transfer phospholipid between liposomes efficiently while the soluble domain of Mmm1 or Mdm12 alone exhibited only marginal phospholipid transfer activities. Therefore, ERMES is a phospholipid transfer machinery, and the Mmm1-Mdm12 complex is a minimum unit of phospholipid transport by ERMES (29) . Recently, a SMPdomain containing protein named PDZD8 was found as the functional ortholog of yeast Mmm1. PDZD8 was localized at the ERmitochondria contact sites, and loss of PDZD8 impaired formation of the contact sites, thereby leading to deterioration of the ERmitochondria Ca 2+ flux (30) . However, it is still Organelle contact sites and phospholipid transfer proteins unclear whether PDZD8 mediates lipid transfer at the contact sites, and what the mitochondrial partner for PDZS8-mediated tethering of the ER to mitochondria is.
Although ERMES was revealed to tether the ER membrane and MOM and to directly mediate phospholipid transfer between these organelles, mechanistic details of the phospholipid transfer by ERMES are still unclear. The determined structure of Mdm12 showed that Mdm12 has a hydrophobic pocket with a narrow opening at the one end, from which a phospholipid molecule could enter the pocket in a tail-in manner (29) (Fig. 3A) . Since other two SMP-domain containing subunits of ERMES, Mmm1 and Mdm34 could have similar hydrophobic pockets, Mmm1, Mdm12 and Mdm34 in ERMES may cooperate to transfer lipids in a bucket relay manner (Fig. 3B) . The structure of Mdm12 containing a hydrophobic pocket with a tightly closed bottom, which was shown to be highly stable by molecular dynamics simulation, supported this mechanism. On the other hand, the crystal structure of a heterologous complex of Mdm12 and Mmm1 by Lee and colleagues showed the presence of a continuous cavity between Mmm1 and Mdm12 with rather a wide opening, although the cavity was not wide enough to allow free diffusion of the bound phospholipid molecule from Mmm1 to Mdm12 (31) (Fig. 3C) . If the hydrophobic cavities of Mmm1, Mdm12 and Mdm34 could be structurally flexible enough to allow diffusion of the bound lipid molecule, an alternative mechanism of lipid transfer through the continuous cavity from Mmm1 to Mdm34 via Mdm12 could be possible. Clearly, it is necessary to clarify the dynamic structure of the entire ERMES complex in detail in future studies.
SMP-domain containing proteins at other inter-organelle contact sites
Since ERMES was found to serve as a phospholipid transfer machinery, other SMP-domain containing proteins are also anticipated to function for lipid transfer. In yeast, seven SMP-domain containing proteins (Mmm1, Mdm12, Mdm34, Tcb1, Tcb2, Tcb3 and Nvj2) in total are known (27, 28, 32) (Fig. 4) . Importantly, these seven proteins were all reported to be localized at membrane contact sites. Tcb1, Tcb2 and Tcb3 are integrated into the ER membrane via their N-terminal transmembrane segments, exposing their C-terminal domains containing SMP and C2 domains to the cytosol. The C-terminal domains can further bind to the plasma membrane (PM), thereby contributing to the ERPM tethering (32) . Although lipid transfer functions of yeast Tcb proteins have not been tested so far, they could facilitate lipid transfer between the ER membrane and PM. Human homologues of yeast Tcb proteins, extended synaptotagmins (E-SYT1, E-SYT2 and E-SYT3), tether the ER membrane and PM in a PI(4,5)P 2 -dependent manner (33) . The determined crystal structure of E-SYT2 showed that dimerized E-SYT2 forms a long (90 Å ) hydrophobic cylinder-like channel, which could accommodate glycerophospholipid molecules (34) (Fig. 3D) . Besides, E-SYT1 was found to facilitate phospholipid transfer between liposomes in vitro (35) . Similar to Tcb proteins, yeast oxysterol-binding homology (Osh) proteins are capable of binding to two distinct membranes at the same time through their two membrane binding surfaces (36) . Among them, Osh6 and Osh7 were revealed to transfer PS from the ER to the PM at the ERPM contact sites (37) . Collectively, the ERPM contact site involving Tcb proteins and Osh proteins could function as a site of phospholipid transfer in yeast.
Nvj2 is a SMP-domain containing protein, which is localized at the contact sites between the perinuclear ER and vacuole called NVJ, depending on the cellular levels of Nvj1, a central component of NVJ (32) (Fig. 1) . At the moment, it is not clear if Nvj2 is involved in lipid transfer at NVJ, whereas Nvj2 was revealed to be capable of transferring ceramide from the ER to Golgi membranes (38) . Interestingly, despite its regular localization at NVJ, Nvj2 was reported to be relocalized to contact sites between the ER and medial-Golgi upon ER stress, and it could thus directly mediate ceramide transfer from the ER to Golgi membranes to attenuate a possible lipid toxicity caused by ceramide accumulation (38) .
Like Nvj2, an oxysterol-binding homology protein, Osh1 was also shown to be targeted to NVJ through its direct interaction with Nvj1 (39) . The structural study on Osh1 revealed that Osh1 accommodates PI(4)P and ergosterol as primary and secondary ligands, respectively, which strongly suggests the role of Osh1 as a PI(4)P/ergosterol exchanger at NVJ (40). Importantly, the other Osh protein, Osh4 is well characterized and known to function as a PI(4)P/ergosterol exchanger between the ER and the trans-Golgi. Osh4 can transport ergosterol from the ER to the trans-Golgi even against its concentration gradient. This lipid transport process is driven by a PI(4)P gradient generated by phosphorylation of PI at the trans-Golgi and dephosphorylation of PI(4)P, which is transported from the trans-Golgi to the ER by Osh4 (41). These results support the notion that NVJ is the site of lipid transfer.
Intra-mitochondrial MOMMIM contact sites for phospholipid transfer and synthesis Since phosphatidic acid (PA) and PS are precursor phospholipids for cardiolipin (CL) and PE syntheses, respectively, they have to move from the site of synthesis (ER) to the MIM, where enzymes for CL and PE synthesis are localized (25) . The ERMES complex is most likely responsible for PA and PS transfer from the ER membrane to the MOM because loss of EMRES subunits leads to accumulation of PS and decreased levels of CL and PE (42) . Then within mitochondria, conserved yeast protein complexes, called Ups1-Mdm35 (PRELID1-TRIAP1, SLMO1-TRIAP1 in mammals) and Ups2-Mdm35 (SLMO2-TRIAP1 in mammals) facilitate PA and PS transfer from the MOM to MIM, respectively (4349) (Fig. 5) , and loss of Ups1 or Ups2 leads to decreased levels of CL and PE, respectively (50, 51) . Interestingly, Ups1-Mdm35 was suggested to function at the MOMMIM contact sites because Ups1-Mdm35 bound to CL, which was enriched at the MOMMIM contact sites (52) , and PA, the precursor phospholipid for CL, was shown to accumulate at the MOMMIM contact sites when Ups1 was absent (43) . Structural analyses revealed that the Ups1-Mdm35 complex is structurally similar to the START (StAR-related lipid-transfer) domain (44, 47, 48) . Similar to other START domain-containing proteins, the Ups1Mdm35 complex contains a pocket that can accommodate a lipid molecule and a lid for the pocket (53, 54) .
The MOMMIM contact sites are likely formed through direct interactions between the MICOS complex, which is enriched at the MOMMIM contact sites and forms cristae junctions (55, 56) , and various MOM proteins such as Sam50, Ugo1, Om45, Por1 and the TOM40 complex (5658) (Fig. 1) . The MICOS complex is also involved in phospholipid metabolism. Although it is clear that the Ups2-Mdm35 complex directly mediates PS transfer from the MOM to MIM, its PS transfer function becomes critical only when mitochondrial respiration is active (45, 46) . In other words, normal PE levels are maintained even in the absence of Ups2 when yeast cells grow by fermentation. This suggests that PS is transported to the MIM by an alternative route without using Ups2, or that alternatively, PE may be converted from PS without Ups2-mediated routing to the MIM. Interestingly, the latter turned out to be Organelle contact sites and phospholipid transfer proteins likely the case. At the MOMMIM contact sites formed by the MICOS complex, Psd1 in the MIM could directly act in trans on PS in the MOM to convert it to PE (46) . Therefore, mitochondrial PE productions can be mediated by two distinct pathways; (i) PE production in the MIM, which depends on the Ups2-Mdm35-mediated PS transfer to the MIM; (ii) PE production in the MOM, which depends on MOMMIM contacts formed by the MICOS complex (Fig. 5) . The PE production in the MIM is probably important not only as a source of PC but also for accumulation of PE in the MIM, hence contributing to the normal respiratorychain activity and cristae morphogenesis. On the other hand, since highly developed crista structures are not essential for mitochondrial functions under a fermentable condition, PE produced in the MOM is likely used as a basal source for PC synthesis in the ER.
Dynamics features of organelle contact sites As described earlier, inter-organelle and intra-organelle membrane contact sites are pivotal in cellular lipid transfer and lipid synthesis. It should be noted that these organelle contact sites are not static but highly dynamic entities, pointing to their vital roles in cellular lipid transport to respond to the changes in surroundings such as metabolic states (i.e. fermentable or nonfermentable conditions in yeast) and/or stress conditions (i.e. starvation, osmotic, heat and ER stresses). The ERMES and the vacuole-mitochondria contact sites (vCLAMP sites) were reported to be reciprocally regulated. For instance, the ERMES number was reported to increase under a nonfermentable condition, under which mitochondrial functions are more important, whereas the vCLAMP number decreases under the same condition. Phosphorylation of Vps39, a central component of vCLAMP, was reported to become enhanced under a nonfermentable condition, which could negatively affect the formation of vCLAMP (16) . These findings suggest that ERMES and vCLAMP behave differently upon their response to these metabolic states.
Furthermore, activities of ERMES and vCLAMP themselves could affect the formation of vCLAMP and ERMES, respectively, in again a reciprocal manner. Reportedly, the number of ERMES increased when vCLAMP was inactive whereas vCLAMP regions expanded when ERMES was inactive (15) . However, our own study using split-GFP probes to detect organelleorganelle interactions, could not confirm those reported changes in the number and degree of mitochondriaER or mitochondriavacuole contacts when ERMES or vCLAMP subunits were missing (59) . At the moment, the reason for the discrepancy between our results and the previous ones is not clear. Another example is NVJ, whose surface area dynamically increases in response to nutrient limitation (60) . Interestingly, a recent study revealed that the expanded NVJ served as a site for lipid droplet biogenesis (61) .
The three organelle contact sites, ERMES, vCLAMP, and NVJ, were reported to share a common constituent Lam6/Ltc1, which contains GRAM and StART-like (VASt) domains and serve as a sterol transfer protein (62, 63) . Importantly, Lam6 overexpression led to expansions of all these contacts, ERMES, vCLAMP and NVJ (60) . These findings collectively indicate operation of yet-to-be-identified pathways that regulate the number and degree of organelle contact sites.
Conclusion and Perspectives
As summarized earlier, recent extensive studies have revealed lipid transfer or lipid-metabolism-related functions of ERMES, vCLAMP, NVJ and MICOS, yet the molecular mechanisms of organelle tethering and lipid transfer are still incompletely understood. For example, essential tethering components forming vCLAMP or NVJ are still poorly understood, although several factors are reported to be important. Our recent study indicates that mitochondriaER and mitochondriavacuole contact sites are still present even in the absence of known ERMES or vCLAMP components, suggesting the involvement of alternative organelle-tethering factors, which are still unidentified (59) .
In addition to ERMES, vCLAMP and NVJ we described in this review, recent studies have suggested the existence of more membrane contact sites among the ER, mitochondria, peroxisomes, vacuole, lipid droplets and PM, most of which are still poorly characterized (59, 64) . We are then left with many new questions. What are the tethering factors? What and how are the number and degree of the organelle contact sites regulated? What are the physiological roles of the organelle-tethering factors? Many more questions are expected to arise on organelleorganelle communications, which should be addressed in coming several years.
